Reversible nonphotochemical fluorescence quenching depends on thylakoid lumen acidification and violaxanthin de-epoxidation and is correlated with photoprotection of photosynthesis. The Ozdependent electron flow in the coupled Mehler-ascorbate peroxidase reaction (MP-reaction) mediates the electron flow necessary for lumen acidification and violaxanthin de-epoxidation in isolated, intact chloroplasts. lnhibition of violaxanthin de-epoxidation by dithiothreitol (DTT) was correlated with suppression of fluorescence quenching. In addition, DTT was also found to suppress fluorescence quenching due to inhibition of ascorbate peroxidase activity, a main enzyme of the MP-reaction, even in the presence of zeaxanthin. In intact, non-COz-fixing chloroplasts, violaxanthin and antheraxanthin de-epoxidation and the ascorbate peroxidase activity show different sensitivities to increasing DTT concentrations. Violaxanthin de-epoxidase activity, measured as the sum of zeaxanthin and antheraxanthin formed, was inhibited with an inhibitor concentration for 50% inhibition of 0.35 mM DTT. In contrast, inhibition of the OZ-dependent electron flow and corresponding lumen acidification occurred with higher 150 values of 2.5 and 3 mM DTT, respectively, and was attributed to inhibition of ascorbate peroxidase activity (Iso = 2 mM DTT). Accordingly, the DTT-induced inhibition of the nigericin-sensitive nonphotochemical fluorescence quenching was correlated linearly with the decreasing concentrations of zeaxanthin and antheraxanthin and was almost unaffected by DTT inhibition of the MP-reaction and correlated ApH. The nigericin-insensitive, photoinhibitory kind of nonphotochemical fluorescence quenching up to 1 mM was mainly correlated with inhibition of violaxanthin de-epoxidation. At higher DTT concentrations, it was attributed to inhibition of both violaxanthin de-epoxidation and MP-reaction. lhe results show that DTT has multiple, but distinguishable, effects on nonphotochemical fluorescence quenching in isolated chloroplasts, necessitating careful interpretation.
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for photochemical reactions and increased radiationless energy dissipation. Suppression due to the latter is termed nonphotochemical fluorescence quenching. A major component of nonphotochemical fluorescence quenching is reversible and correlated with thylakoid lumen acidification (Briantais et al., 1979) . ApH-dependent quenching reflects a regulated process of harmless heat dissipation of excess energy and, therefore, of photoprotection (Krause and Behrend, 1986) . Considerable efforts have been made to elucidate the underlying mechanism (refs. in Demmig-Adams, 1990; Foyer et al., 1990b; Horton and Bowyer, 1990; Krause and Weis, 1991; Schreiber and Bilger, 1992) . ApH-dependent quenching is supposed to be due to a process that occurs in the PSII antenna (Demmig-Adams et al., 1989; Genty et al., 1989; Rees et al., 1989) or to processes that occur directly at the PSII reaction centers (Schreiber and Neubauer, 1987; Weis and Berry, 1987) . However, the molecular mechanism of nonphotochemical quenching and photoprotection is unclear.
Photoprotection was found to be related to the presence of the carotenoid Z (Demmig et al., 1987) . Since this discovery, the relationship between Z and nonphotochemical fluorescence quenching has been studied intensively (refs. in Demmig-Adams, 1990; Foyer et al., 1990b; Demmig-Adams and Adams, 1992) . Z is formed by the enzymic de-epoxidation of V via the intermedate A (Yamamoto et al., 1962) . DTT is an inhibitor of VDE (Yamamoto and Kamite, 1972) . This sulfhydryl reagent was shown to result in significant suppression of nonphotochemical fluorescence quenching in intact leaves (Bilger et al., 1989) and isolated chloroplasts (Demmig-Adams et al., 1990) . The DTT-sensitive quenching constitutes a major component of nonphotochemical fluorescence quenching (Bilger and Bjorkman, 1990; Demmig-Adams, 1990) . Another nonphotochemical component, in the absence of Z, can be observed in the presence of DTT (Bilger et al., 1989; DemmigAdams et al. 1990 ). It was termed constitutive because it seemed independent of VDE activity (Gilmore and YamaAbbreviations: A, antheraxanthin; APO, ascorbate peroxidase;
&O,
neutral-red-induced absorbance change at 520 nm; 150, inhibitor concentration for 50% inhibition; MP-reaction, Mehler-ascorbate peroxidase reaction, NIG, nigericin; NPQ, Stern-Volmer type of nonphotochemical quenching; qp, coefficient for photochemical fluorescence quenching; SOD, superoxide dismutase; V, violaxanthin; VDE, violaxanthin de-epoxidase; Z, zeaxanthin. 575 Plant Physiol. Vol. 103, 1993 moto, 1991 . It has been suggested that Z acts as an amplifier that stimulates quenching at subsaturating but not at saturating ApH (Rees et al., 1989; Noctor et al., 1991) . In other investigations, a proportional relationship between Z and nonphotochemical quenching was observed also at saturating ApH (Gilmore and Yamamoto, 1991, 1993) . Previous studies have not considered the possibility that A could be involved in the process of fluorescence quenching, or assumed it to be only half as efficient as Z (Bilger and Bjorkman, 1990) . Recently Gilmore and Yamamoto (1993) presented evidence for A being the "constitutive quencher" and being as efficient as Z in thylakoids in the presence of the artificial electron acceptor methyl viologen. 0 2 can serve as electron acceptor in the Mehler reaction (Mehler, 1951) . The resulting superoxide radical 02-is dismutated to H202 and O2 by SOD (refs. in Asada and Takahashi, 1987) . The H 2 0 2 scavenging system in the stroma consists of APO and the ascorbate regenerating system. The latter contains monodehydroascorbate reductase, dehydroascorbate reductase, and GSH reductase (Foyer and Halliwell, 1976; Asada and Takahashi, 1987; Foyer et al., 1990b) . Peroxide detoxification results in a stimulation of linear electron flow (Asada and Badger, 1984; Badger, 1985) and was correlated with stimulation of photochemical fluorescence quenching (Neubauer and Schreiber, 1989) . Schreiber and Neubauer (1990) proposed that the 02-dependent electron flow in the combined MP-reaction was responsible for most of the nonphotochemical quenching that develops when C 0 2 assimilation is limited. Lumen acidification is a precondition for nonphotochemical fluorescence quenching (Briantais et al., 1979) and VDE activation (Hager, 1969) . The MP-reaction, but not the Mehler reaction alone, was shown to mediate the necessary electron flow for Z formation and the Zcorrelated fluorescence quenching in intact, non-C02-fixing chloroplasts (Neubauer and Yamamoto, 1992) .
DTT is an effective inhibitor of APO (Gerbling et al., 1984; Chen and Asada, 1989, 1992) . Schreiber and Neubauer (1990) suggested that DTT-induced inhibition of APO activity may result in suppression of nonphotochemical quenching. Recently, it was shown that DTT induced inhibition of its reversible part due to suppression of lumen acidification, even in the presence of preformed Z (Neubauer and Yamamoto, 1992). The DTT effect was attributed to inhibition of APO activity and dependent electron flow. The present study investigates whether there is an interaction of the DTT effects on Oz-dependent electron flow and V de-epoxidation with respect to the generation of nonphotochemical fluorescence quenching. It is shown that in isolated, intact chloroplasts, VDE activity shows a 10-fold higher DTT sensitivity compared with 02-dependent electron flow, lumen acidification, and APO activity. Although the DTT-dependent separation of Z formation and 02-dependent electron flow is almost complete, this is not the case for the A formation and the MP-reaction. The importance of this in the interpretation of the mechanism of reversible and irreversible nonphotochemical fluorescence quenching in isolated chloroplasts is discussed.
MATERIALS A N D METHODS

Chloroplast lsolation and Experimental Conditions
Intact chloroplasts were isolated from dark-adapted lettuce (Lactuca sativa L. cv Romain) and spinach (Spinacia olerlzcea L). A11 isolation steps were carried out on ice under dim light.
Washed, dark-green and midrib-free leaf parts (around 30 g) were sliced into small pieces and macerated for 5 s in 75 mL of grinding medium (0.3 M sorbitol, 1 mM MgC12, 2 mM EDTA, 0.5 mM KH2P04, 30 mM KC1, 1 mM MnC12, 50 mM Mes, 5 mM ascorbate, pH 6.1) in a Waring blender. The homogenate was filtered through a nylon net (20 pm) and the filtrate was centrifuged at 5500g for 1 min in a Sorva11 SS-34 rotor. The pellets were resuspendedin 1 mL of grinding medium and carefully layered onto 25 mL of the same medium containing 40% Percoll (v/v). Centrifugation at 70008 for 10 min resulted in an oily pellet at the bottorn of the tube that was carefully taken out and added to 5 mL of reaction medium (0.3 M sorbitol, 1 mM MgC12, 2 mM EDTA, 0.5 mM KHzP04, 30 mM KCl, 1 mM MnC12, 50 mM Hepes, pH 7.6). The chloroplasts were centrifuged at 3000g for 45 s to remove the Percoll, and the resulting pellet was resuspended in 0.5 to 1.0 mL of reaction medium. Chloroplast intactness was 80 to 85% and 90 to 95% for lettuce and spiriach chloroplasts, respectively, as measured by the ferricyanide method (Heber and Santarius, 1970) .
The intact chloroplasts were stored on ice. The Chl concentration in the reactions was 30 pg mL-'. The reactions vvere continuously stirred in an open, temperature-controlled (25OC) 1 X I-cm glass cuvette. To exclude Rubisco activity, 3 m~ iodoacetamide was added to the reaction solution (Badger, 1985) . Iodoacetamide has no effect on APO and VDE activity (Neubauer and Yamamoto, 1992) .
Chl Fluorescence
Modulated Chl fluorescence was measured with the PAM Chl fluorometer (Walz, Effeltrich, Germany). The reaction cuvette was connected to the detector-emitter unit of the fluorometer and the actinic light sources (continuous light and saturating light pulses) via a four-armed fiber optic. Continuous light (180 FE m-2 s-') and saturation pulses (duration 2 s; 2300 pE m-'s-') were from a Unitron microscope lamp or a halogen lamp (KL-1500, Walz) and from a KL-1500 flash unit (Walz), respectively, and filtered through a Corning CS2-58 (red) and CS1-75 (IR) filter. The interisity of the pulses was saturating for the fluorescence increase and sufficient for determination of photochemical (qp) and nonphotochemical fluorescence (NPQ) quenching at the Chl concentration used in this study. The qP was calculated according to Schreiber et al. (1986) . NPQ was expressed as [(unquenched fluorescence/quenched fluorescence) -11, i.e.
according to Bilger and Bjorkman (1990) . Therefore, reversible, NIG-sensitive quenching and irreversible, NIG-insensitive quenching were calculated as [(FM"/FM') -11 and [(,FM/ FM") -11, respectively (see Fig. 1 for an experimental protocol). FM" denotes the maximal fluorescence yield after addition of NIG. The nomenclature of the other fluorescence parameters is according to van Kooten and Snel(l990). 
Measurement of Z Concentration and Thylakoid Lumen Acidification
Steady-state xanthophyll concentrations were measured by HPLC. Uptake of neutral-red was used to monitor relative acidification of the thylakoid lumen under steady-state illumination. The uptake was recorded at 520 nm in the singlebeam mode (Siefermann-Harms, 1978) with the DW-2000 UV-VIS spectrophotometer (SLM Aminco). The light-induced ASz0 was NIG sensitive, indicating its ApH dependency. For further details, see Gilmore and Yamamoto (1991) and Neubauer and Yamamoto (1992) . Figure 1 shows the effect of increasing DTT concentrations on light-and HzOz-induced fluorescence changes of intact, non-COZ-fixing lettuce chloroplasts. With the onset of actinic illumination, variable Chl fluorescence (F) increased rapidly, followed by a slow decline. The decline was due to increasing photochemical and nonphotochemical fluorescence quenching, the latter indicating a decreasing fluorescence yield in the saturation pulses (FM'). NIG was added to dissipate membrane energization and revealed that most of the nonphotochemical quenching was reversible and ApH dependent. Increasing DTT concentrations up to 7 mM resulted in decreased ApH-dependent quenching 22 min after onset of actinic illumination. Irreversible, i.e. NIG-insensitive, quenching increased slightly at DTT concentrations below and significantly at concentrations above 7 mM. APO activity, which was evaluated by HzO2-induced qp stimulation of uncoupled chloroplasts (Neubauer and Schreiber, 1989; Schreiber and Neubauer, 1990) , was suppressed between 1 and 7 mM DTT. Addition of H 2 0 2 decreased the fluorescence yield during a saturation pulse in the presence of NIG, which is typical for a PSI electron acceptor (Neubauer and Schreiber, 1987) .
RESULTS
For the reversible nonphotochemical fluorescence quenching, a linear relationship was found between the calculated activity of radiationless energy dissipation and the Z concentration (refs. in Demmig-Adams, 1990 ; Demmig-Adams and Adams, 1992). The same relationship was observed whether dissipation activity was estimated as the rate constant of radiationless energy dissipation, ko, according to Kitajima and Butler (refs. in Demmig-Adams, 1990 ), oras NPQ (Bilger and Bjorkman, 1990) . Since calculation of the latter is independent of any assumptions made in the Kitajima and Butler model (Demmig-Adams, 1990), quenching was calculated as NPQ. The DTT concentration dependency of the NIG-sensitive nonphotochemical fluorescence quenching is shown in Figure 2 . Increasing DTT concentrations resulted in a decrease of NIG-sensitive quenching, calculated 22 min after onset of actinic illumination. The quenching was inhibited with an lso of 0.25 m~ DTT. At 3 mM DTT, almost no ApH-dependent quenching was detectable. Polarographic O2 measurements did not show any net O 2 exchange in the non-C02-fixing chloroplasts used in this study (data not shown in figures). This result is consistent with the MP-reaction being the main electron flow-stimulating process, in which O2 evolution and O2 uptake are exactly balanced (Asada and Badger, 1984: Badger, 1985; Asada and Takahashi, 1987) . AF/FM' is therefore considered to reflect the quantum yield efficiency of electron transport in the MPreaction.
The DTT concentration dependency of AF/FM' is shown in Figure 4 . The quantum yield was affected in a complex way. An initial increase in the range of 0.1 to 1.0 mM DTT was followed by a significant decrease at higher concentrations. AF/FM' was 65% inhibited at 10 mM DTT. An 150 of 2.5 mM DTT was calculated using the yield at 1 mM DTT as the maximum value. As NIG-sensitive nonphotochemical fluorescence quenching, i.e. radiationless energy dissipation, is decreased by DTT (Fig. 2) , there are more excitons availeble for photochemistry. This could result in stimulated AF/FM' due to increased excitation capture by open PSII centers. But the degree of open centers is also reduced under these conditions. A possible explanation for the transitory enhancement of PSII quantum yield is the stimulated exciton availability plus the DTT concentration-dependent formation of H202 (Asada and Kanematsu, 1976) , which is an effective Hill reagent (Asada and Badger, 1984; Badger, 1985) . The onset of inhibition of the linear electron flow would necessarily result in a decrease of the peroxide effect and AF/FM'.
The DTT-induced inhibition of linear electron flow might be due to the inhibition of APO activity. The H202-induced photochemical fluorescence quenching, qp, in intact, uncoupled chloroplasts was inferred to result from HzOz-induced stimulation of APO activity (Neubauer and Schreiber, 1989; Schreiber and Neubauer, 1990) . Figure 5 shows the DTT concentration dependency of the H202-induced qp. APO activity was calculated after the chloroplasts had been illuminated for 22 min in the presence of increasing inhibitor concentrations. The enzyme activity was almost unaffected by increasing the DTT concentration to 0.7 mM, but its activity decreased at higher concentrations, as did the electron trainsport rate (Fig 4) . An Is0 of 2.0 mM DTT was calculated for inhibition APO activity, which is comparable with that measured in nonpreilluminated chloroplasts (Schreiber and Neubauer, 1990 ). The 150 concentration was independent of light intensity and H 2 0 2 concentration used to evaluate the enzyme activity. Ten millimolar DTT resulted in 80% inhibition of the H2OZ-induced qp, i.e. APO activity.
Lumen acidification is necessary for both VDE activity (Hager, 1969) and nonphotochemical fluorescence quenching (Briantais et al., 1979) . Figure 6 shows the effect of increasing DTT concentrations on steady-state lumen proton concentration measured as NIG-sensitive neutral-red absorbance change (&O) .
The absorbance change decreased with increas- ing DTT concentrations when measured 22 min after onset of actinic light. It was suppressed by 9 and 50% at 1 and 10 mM DTT, respectively. Lumen acidification was inhibited with an Zs0 of 3 mM DTT. The DTT influence on lumen proton concentration was only partially correlated with its effect on linear electron transport rate (Fig. 4) and APO activity (Fig.  5 ) . DTT concentrations that stimulated APO activity (0.1-0.7 mM) resulted in a slight decrease in ApH (see "Discussion"). Lumen acidification was significantly inhibited at DTT concentrations greater than 0.7 mM. The latter effect correlates with the suppression of linear electron flow in the MPreaction (Fig. 4 ) and is possibly due to inhibition of APO activity (Fig. 5 ) . Neubauer and Yamamoto (1992) found an A520 inhibition of about 60% in the presence of 1 mM cyanide (KCN), i.e. in the absence of APO activity. Herein, a similar value was observed by DTT-induced inhibition of this enzyme. The KCN-or DTT-insensitive A520 is attributed to the electron flow in the Mehler reaction alone. Figure 7A shows the relationship between NIG-sensitive NPQ ( Fig. 2 ) and steady-state Z concentration (Fig. 3) , varied by increasing DTT concentrations. The relationship is not linear (Fig. 7A, closed symbols) . Inasmuch as increasing DTT concentrations also affect lumen acidification (Fig. 6) , the NIG-sensitive quenching is also plotted versus the product of Z concentration and relative steady-state lumen acidification (Fig. 7A, open symbols) . The ApH changes are of only minor importance for the correlation between quench and carotenoid concentration under the conditions of this experiment.
In a multiple regression analysis, Gilmore and Yamamoto (1993) found that A affects nonphotochemical quenching as well as Z. To test this finding, the NIG-sensitive nonphotochemical quenching was plotted versus the sum of Z and A concentration (Fig. 78, closed symbols) . The correlation was linear over the entire range of DTT-dependent changes of the nonphotochemical quenching. The regression line intercepted the x axis at 15 mmol (Z + A)/mol Chl u. Multiplication of carotenoid concentration and relative steady-state A520 resulted in a shift of the regression line close to the origin (Fig. 7B, open symbols) , with an x axis interception of 7 mmol (Z + A)/mol Chl u. The high-correlation coefficients in both plots indicate a close relationship between fluorescence quenching and the presence of the xanthophylls. Figure 8 shows the effect of increasing DTT concentrations on the Stern-Volmer type of NIG-insensitive, i.e. irreversible, nonphotochemical quenching. Two phases were apparent: a minor increase of irreversible quenching up to 7 mM DTT followed by a significant increase at higher concentrations. The first part correlates with the inhibition of V de-epoxidation (Fig. 3) and the 02-dependent lumen acidification . The strong increase at DTT concentrations exceeding 7 mM might be at least in part artificial (see "Discussion"). The influence of the carotenoid composition of the chloroplasts and the MP-reaction on NIG-insensitive quenching is under further investigation.
Spinach chloroplasts showed a similar DTT concentration dependency of NIG-sensitive quenching compared with lettuce chloroplasts. However, its maximal value of 0.135 was significantly lower. The NIG-insensitive quenching was higher in these chloroplasts: 0.18 and 0.54 in the absence and in the presence of 10 mM DTT, respectively. Chloroplasts isolated from dark-adapted spinach leaves contained a total' pool size of xanthophyll-cycle components of about 90 mmol/mol Chl u (Demmig-Adams et al., 1990) , which is only 75% of the pool size measured in the lettuce chloroplasts of this study. Therefore, the results can be explained by a lower ability to dissipate excess energy in the low-light spinach compared with the high-light lettuce.
DISCUSSION
The results show that DTT has multiple effects on nonphotochemical fluorescence quenching in intact, non-COzfixing chloroplasts. VDE activity and OZ-dependent electron flow in the combined MP-reaction had different DTT sensitivities. Accordingly, Z formation was suppressed before a major DTT effect on electron flow and lumen acidification occurred (Figs. 3-6 ). This finding supports the in vitro and in vivo data presented earlier, in which DTT was used to study the correlation between Z and nonphotochemical fluorescence quenching (refs. in Demmig-Adams, 1990; Bilger and Bjorkman, 1991; Gilmore and Yamamoto, 1991; Horton et al., 1991; Ruban et al., 1991; Neubauer and Yamamoto, 1992; Gilmore and Yamamoto, 1993) . However, the use of DTT evoked problems with respect to the interpretation of the mechanism of nonphotochemical fluorescence quenching in the chloroplasts used in this study.
The regulatory role of the MP-reaction for nonphotochemical fluorescence quenching and photoprotection was suggested earlier (Neubauer and Schreiber, 1989; Schreiber and Neubauer, 1990) . This reaction mediates the electron flow necessary for ApH formation, V de-epoxidation, and development of NIG-sensitive quenching in isolated, intact chloroplasts (Neubauer and Yamamoto, 1992) . A detailed investigation of the involvement of the combined MP-reaction in the in vivo mechanism of nonphotochemical quenching has not been undertaken. However, the in vitro data suggest that this is a possibility. Within the non-COZ-fixing chloroplasts of this study, the MP-reaction was attributed to be the main electron flowstimulating process. The DTT-induced suppression of the quantum yield of this reaction (Fig. 4) could be explained by inhibition of SOD, APO, or the ascorbate-regenerating system, a11 of which are necessary for the MP-reaction (Foyer and Halliwell, 1976; Asada and Takahashi, 1987; Foyer et al., 1990b) . Ascorbate is effectively transported through the chloroplast envelope into the stroma (Anderson et al., 1983; A; O) and the product of this sum and relative Aszo (O). The A5z0 was measured as described in Figure 6 . The maximal lumen acidification DTT (Fig. 6 ) , was set to a relative unit of 1. The concentration during illumination with a constant light intensity. Z and A concentrations were determined as described in legend to Figure 1 . Beck et al., 1983) . Therefore, the effect of DTT on enzymes involved in ascorbate regeneration seems likely to be negligible under the conditions of the present studies. There is no evidence for a DTT effect on SOD activity, and moreover, it does not seem likely, because SOD has no free sulfhydryl groups (K. Asada, personal communication). However, DTT is an effective inhibitor of APO activity (Gerbling et al., 1984; Chen and Asada, 1989, Chen and Asada, 1992) . The major change in quantum yield (Fig. 4) and coupled lumen acidification (Fig. 6) is therefore attributed to a DTT effect on M O activity (Fig. 5) .
No DTT-dependent inhibition of the quantum yield of electron flow has been reported previously. Rather, in previous studies, a slight stimulation was shown both in vitro (Demmig-Adams et al., 1990) and in vivo (Bilger et al., 1989; Bilger and Bjorkman, 1990) . In the isolated chloroplasts of this study, a stimulation of the quantum yield (Fig. 4) was accompanied by a decrease of lumen acidification (Fig. 6) . DTT stimulates the formation of H202 (Asada and Kanematsu, 1976) , which induced photochemical fluorescence quenching (Neubauer and Schreiber, 1989 monodehydroascorbate, reacts as a weak uncoupler (my unpublished data). This could explain the unexpected results. Therefore, even around 1 mM DTT, i.e. with quantum yield of linear electron flow being stimulated, a DTT effect on ApH-dependent nonphotochemical quenching seems likely to occur.
The lower DTT sensitivity of A formation compared with that of Z formation (Fig. 3) made it possible to investigate the influence of A on NIG-sensitive nonphotochemical fluorescence quenching (Fig. 7) . Gilmore and Yamamoto (1993) extensively studied the relationship between reversible quenching, Z, and A by mathematical analysis of their data.
According to their model, which fits the data points with 98% accuracy, the quenching abilities of Z and A are equal in thylakoids in the presence of the artificial electron acceptor methyl viologen. Principally, the same results were observed with the intact chloroplasts in the present study, in which O2
served as main electron acceptor in the MP-reaction. As in their study, the relationship between reversible, ApH-dependent quenching and the concentration of Z and A together, but not with Z alone (Fig. 7A) , is strictly linear, and a threshold level of about 15 mmol (Z + A)/mol Chl a for nonphotochemical quenching to develop was observed (Fig.  7B , closed symbols). This finding supports the importance of both carotenoids for the mechanism of excess energy dissipation (Gilmore and Yamamoto, 1993).
Whether Z and A are directly involved in this process as primary fluorescence quenchers or only as close relatives needs to be further investigated. The reason for the carotenoid threshold level at light-saturated ApH (see Gilmore and Yamamoto, 1993, and Fig. 7) could be that the Z and A are partially inactivated. This assumption is supported by the fact that in the present study DTT affects luminal pH (Fig.   6 ), which is responsible for initiation of carotenoid-related thermal energy dissipation (Gilmore and Yamamoto, 199 1).
Decreasing lumen proton concentration correlates linearly with decreasing nonphotochemical quenching at any given Z and A concentration (Gilmore and Yamamoto, 1993) . Accordingly, an evaluation of the activated part of the Z and A concentration seems possible by correction for the DTTinduced pH changes (Fig. 7) . This resulted in a lowering of the threshold level from 15 to 7 mmol (Z + A)/mol Chl a without affecting linearity (Fig. 7B, open symbols) . In making the correction, account was not taken for the fact that nonphotochemical quenching also requires a threshold lumen pH (Oxborough and Horton, 1988; Noctor and Horton, 1990, Neubauer and Yamamoto, 1992; Gilmore and Yamamoto, 1993) . This was about 40% of the maximal possible ApH in the presence of preformed Z, in chloroplasts with high MPactivity (Neubauer and Yamamoto, 1992) . Therefore, the carotenoid threshold would become even lower, if it existed at all, and Z and A would behave like ideal quenchers, provided that lumen acidification is maximally maintained and constant. Since maximal lumen acidification is detected under high-light intensities, where COz fixation becomes limiting and photoprotection becomes necessary, maximal carotenoid-related energy dissipation would be possible. Decreasing luminal pH resulted in inactivation of Z and A, which is of functional significance in avoiding unnecessary energy dissipation at low photon flux densities (Gilmore and Yamamoto, 1993) . Under the conditions of this study, the DTT-induced pH changes had only relatively little influence on the relationship between reversible nonphotochemical fluorescence quenching and the product of Z and A (Fig. 7B) because the concentration of these carotenoids at 1 to 3 mM DTT was already almost totally suppressed. However, the DTT effect on APO activity and hence the MP-reaction and coupled lumen acidification should be important in isolated chloroplasts and possibly also in intact leaves where Z and/or A are already present, even after dark adaptation.
According to a hypothesis by Horton et al. (1991) and Ruban et al. (1992) , nonphotochemical fluorescence quenching, i.e. radiationless energy dissipation, results in aggregation of PSII light-harvesting complexes. Z is not required for the quenching, but stimulates its formation. This model explains the numerous published observations of high levels of constitutive quenching in the absence of Z (see introduction). Also in the experiments presented here, nonphotochemical fluorescence quenching (about 20% of the maximal possible NPQ) was detected at 1 mM DTT (Fig. 2) , i.e. at nearly maximal ApH (Fig. 6 ), but with Z formation being almost inhibited (Fig. 3) . In accordance with the findings by Gilmore and Yamamoto (1993) , the constitutive quenching can be correlated with the presence of A ( Fig. 7; see above) . Quenching can occur without Z, but the data of Gilmore and Yamamoto (1993) and the data presented in this paper show that no reversible, ApH-dependent quenching can be detected if A is also absent. This finding supports the hypothesis that Z and A are directly related to nonphotochemical quenching and photoprotective energy dissipation (Gilmore and Yamamoto, 1993) . It may be assumed that Z-independent aggregation of light-harvesting complexes (Horton et al., 1991) is related to the presence of A. However, so far there is no evidence that A and Z content changes in light-harvesting complexes. Z was postulated to amplify quenching only at low lumen acidity (Rees et al., 1989; Noctor et al., 1991; Ruban et al., 1992) . In contrast to this finding, in the present study Z and A behave like ideal fluorescence quenchers, especially at saturating lumen pH.
Steady-state A concentration was increased to 30% of the total pool size of xanthophyll-cycle components in the concentration range of 0.1 to 1.0 mM DTT (Fig. 3) . Comparable values have also been observed in intact leaves, even in the absence of DTT (Bilger et al., 1989; Demmig-Adams et al., 1990; Foyer et al., 1990a) . Therefore, A may be important even for nonphotochemical quenching in vivo.
Irreversible, NIG-insensitive fluorescence quenching reflects suppression of PSII quantum yield efficiency. DTT increased susceptibility to photoinactivation (Fig. 8) . At 1 mM, there was little effect of DTT on the lumen pH, indicating that this part of irreversible quenching was not due to the changes in the 02-dependent electron flow. Rather, it seems to be mainly due to inhibition of V de-epoxidation. The irreversible quenching in the range of 1 to 7 mM DTT is believed to result from the simultaneous reduction of the MP-reaction and coupled lumen acidification (Fig. 6 ) and of the remaining Z and A concentration (Fig. 3) . At 7 to 10 mM DTT, V de-epoxidation, the quantum yield of linear electron
